This paper describes an analysis of multiyear satellite datasets to characterize the modulations of convective versus stratiform rain, rain system size, and column water vapor by convectively coupled equatorial waves. Composites are built around space-time filtered equatorial-belt data from the Tropical Rainfall Measuring Mission (TRMM) 3B42 rainfall product, while TRMM Precipitation Radar (PR) and passive microwave data are the composited variables. The results are consistent with the more reanalysis-dependent findings in Part I, indicating that higher-frequency (or more divergent) waves, such as Kelvin and inertiagravity families, modulate mesoscale convective systems and stratiform rain relatively more, whereas slower (or more rotational) types such as Rossby, mixed Rossby-gravity, and tropical depression (TD) or ''easterly'' waves primarily modulate convective rain and smaller-sized precipitation systems.
Introduction
The horizontal scale of an individual cumulonimbus cloud is perhaps several kilometers, but the cumulonimbus (a multicellular entity) is in turn just a part of a deep convective event in the tropics. Cumulonimbi are often grouped together and produce a contiguous precipitation area hundreds of kilometers in dimension, which is called mesoscale convective system [MCS; see the review paper by Houze (2004) ]. In some special cases, if an MCS is large and round enough, it may be labeled a mesoscale convective complex (MCC; Maddox 1980) . A significant correspondence between zonal wavenumber-frequency spectra of the cloud field and the dispersion relationships of linear equatorial waves makes it clear that convectively coupled equatorial waves (CCEWs) play crucial roles in modulating tropical convection (e.g., Takayabu 1994; Wheeler and Kiladis 1999) . Large MCSs are observed preferentially in the active phase of equatorial waves and the MJO (e.g., Mapes and Houze 1993; Wilcox and Ramanathan 2001; Riley et al. 2011) , so waves apparently somehow modulate the mesoscale grouping process.
One conceptual model for this modulation is the ''stretched building block'' hypothesis (Mapes et al. 2006) . In this view, large-scale waves are hypothesized to modulate the widths (and/or durations) of zones of shallow, deep, and anvil cloud in MCSs, rather than simply modulating the number of fixed-structure MCS life cycles. One clue to the mechanisms of modulation is that water vapor variations are larger for lower-frequency waves, while temperature variations are relatively more prominent for higher-frequency (HF) waves (Mapes et al. 2006; Kiladis et al. 2009 ). Temperature and moisture are both important environmental factors for the cumulonimbus development (e.g., Johnson et al. 1999; Takemi et al. 2004; Yasunaga et al. 2003 Yasunaga et al. , 2004 Zuidema 1998) , but their relative role in modulation seems to change with the time scale of waves. The relative sensitivity of convection to density versus moisture is also recently explored in complementary studies by Tulich and Mapes (2010) and Kuang (2010) .
A theoretical study by Matsuno (1966) indicates that westward-propagating waves with a lower frequency [e.g., equatorial Rossby (ER) and mixed Rossby-gravity (MRG) waves) have more ''rotational'' characteristics, whereas shorter-period waves [e.g., Kelvin and eastward and westward inertia-gravity (EIG and WIG, respectively) waves] show more ''divergent'' features. Accordingly, it is possible that these different dynamical features lead to the different kinds of modulation as well as time scales of the waves. In this work, we seek robust global statistical evidence about such modulations in order to extend the available case-specific radar observations of convection and convectively coupled waves (e.g., Houze et al. 2000; Petersen et al. 2003; Straub and Kiladis 2002; Yasunaga et al. 2010) .
In Part I of this study (Yasunaga and Mapes 2012 , hereafter Part I), we presented multivariate cross-spectral analysis results suggesting that the more divergent, higherfrequency wave types preferentially modulate MCSs with extended stratiform precipitation, while the more rotational, lower-frequency waves and easterly disturbances [tropical depression (TD)] more prominently modulate scattered convection with little stratiform rain. However, those results are based on indirect evidence such as reanalysis fields. The present paper further explores the modulation of precipitation characteristics and cloud organization, but based solely on satellite data. To accomplish this, we made composites around a space-time-filtered base time series. A broad consistency of results will be seen to reinforce the main interpretations from Part I.
Tropical precipitation characteristics can be categorized into two types, convective and stratiform; MCSs include extensive stratiform rainfall (e.g., Houze 1997) . The heating profiles associated with stratiform precipitation show a vertical dipole structure (heating in the upper troposphere and cooling in the lower troposphere), while convective heating is positive throughout the profile (e.g., Mapes and Houze 1995) . Recent investigations of the convection-wave coupling pay more attention to the vertical dipole component of heating (stratiform or congestus heating), although the roles are different in various hypotheses (e.g., Cho and Pendlebury 1997; Khouider and Majda 2006; Kuang 2008; Mapes 2000; Matthews and Lander 1999) . Therefore, documenting CCEW morphology in terms of how equatorial waves differently modulate convective and stratiform precipitation (and water vapor), relative to their density (or temperature) signature, should help inform fundamental understanding of the convection-wave coupling mechanisms.
Cumulus parameterization has been recognized as one of the most uncertain parts in a general circulation model (GCM). Reflecting that fact, CCEWs are inconsistently simulated by global models . Recent advances in computational resources have enabled cloud system-resolving simulations covering earthsized areas with a resolution of several kilometers (e.g., Nasuno et al. 2007; Tomita et al. 2005) . Better understanding of the modulation of mesoscale structures associated with CCEWs would be useful for improving the cumulus parameterization and evaluating the simulations. Moreover, the geographical and temporal variability in stratiform rain fraction plays an important role in shaping the structure of the large-scale tropical circulation response to precipitating cloud systems (Schumacher et al. 2004) . Climatological convective and stratiform rainfall amounts are almost comparable to each other (Schumacher and Houze 2003) , although the ratio varies greatly by location and season. Therefore, the modulation of each associated with CCEWs may also have implications for understanding the interaction between the general circulation and convective clouds.
The remainder of the paper is organized as follows. In section 2, the utilized data and analysis method are described. The modulations of precipitation characteristics and precipitation system number are shown in section 3. Water vapor variations associated with CCEWs are discussed in section 4 to inform convection-wave coupling speculations. The results are summarized in section 5.
Data and method

a. Data description
1) TRMM PR
The Tropical Rainfall Measuring Mission Precipitation Radar (TRMM PR) is the first spaceborne rain radar. It can directly observe three-dimensional distributions of rain from space. The horizontal and vertical resolutions are 4.3 km (5.0 km after 24 August 2001) at nadir and 250 m, respectively. Covering the latitude of 388S-388N, the TRMM satellite has non-sun-synchronous orbit and can evenly sample the entire diurnal cycles. Further information about TRMM PR can be found in Kozu et al. (2001) and in an online instruction manual (http:// www.eorc.jaxa.jp/TRMM/documents/PR_algorithm_ product_information/top_e.html).
TRMM product 2A23 provides the classification of rain types (stratiform, convective, and others). According to Awaka et al. (1997) , the rain type is determined by merging two methods, the V method and the H method. The former tries to detect the existence of bright band in the vertical profiles of radar echo, and the latter examines the horizontal patterns of radar echo, following Steiner et al. (1995) . The algorithm of the 2A25 product retrieves rain rate for each radar beam by the combination of Hitschfeld-Bordan and surface reference methods (Iguchi et al. 2000) . The present study uses version 6 of these products. In the analysis, stratiform rainfall without bright band is included into convective rainfall (i.e., ''rainType'' of 100-130 in the 2A23 product is only categorized into stratiform rainfall; see instruction manual for more detail), since our interest is heating profiles associated with CCEWs. However, results are not sensitive to this categorization.
We analyze 12-yr records of TRMM PR (from 1998 to 2009) over the equatorial band (158S-158N) and warm pool (608E-1808), although the analysis in Part I covers the whole equatorial band (08-3608). It takes several days for the TRMM PR to observe the same location, since the TRMM satellite has about 16 orbits per day with a swath width of only 215 km (247 km after 24 August 2001). This infrequent sampling means that it is impossible to cover the full cycle of a CCEW (especially of a higher-frequency mode). Making use of the other frequent sampling data, however, composite analyses are able to overcome that problem, since prominent (and key) features have to appear repeatedly (e.g., Mapes et al. 2009 ). As the reference data to construct composites, TRMM 3B42 product is used here (see next section).
2) TRMM-3B42
TRMM-3B42 (version 6) provides precipitation distributions in a global belt extending from 508S to 508N from 1998 to the present, with a 3-h temporal resolution and a 0.258 3 0.258 spatial resolution. In the 3B42 product, all of the available passive microwave data have been converted to precipitation estimates and each averaged [referred to as high-quality (HQ) microwave estimates]. Histograms of time-space matched HQ precipitation rates and infrared brightness temperature (IR T b ) are accumulated for a month and then used to create spatially varying calibration coefficients that convert IR T b to precipitation rates. The physically based HQ estimates are taken ''as is'' where available, and the remaining grid boxes are filled with IR estimates. As a final step, monthly rain gauge data are used to adjust values. The detailed algorithm for the product is found in Huffman et al. (2007) .
In this study, TRMM-3B42 data are used as the reference data for the composites of other satellite-observed variables. The composite method depends on the isolation of CCEW precipitation signals in the longitudetime domain, which is achieved by filtering precipitation anomalies in the wavenumber-frequency domain. Precipitation anomalies were obtained by subtracting the mean and first three annual harmonics, and decomposing into equatorially symmetric and antisymmetric components of the 158N-158S equatorial belt. Figure 1 shows ''signal strength'' in the symmetric and antisymmetric power spectra of precipitation in the frequency-wavenumber domain, as calculated in Part I. We define filters for CCEWs as the regions enclosing the peaks in Fig. 1 . The filter generally agrees with those used in the previous investigation (e.g., Kiladis et al. 2009; Wheeler and Kiladis 1999) . It should be noted that precipitation signals associated with MJO and TD waves are also isolated, although they are not pure ''wave'' modes with theoretical dispersion relationships. Our TD filter is somewhat different from that in Kiladis et al. (2006) , since the peak is located in lower-frequency parts, unlike the corresponding OLR peak ( Fig. 1 in Kiladis et al. 2006 ). However, this filter isolates easterly waves as well as tropical storms, since most of the signals are included. We call it just ''TD'' here.
3) TRMM-PF
The TRMM Precipitation Feature (TRMM-PF) database from the University of Utah (Liu et al. 2008 ) is a summary of precipitation events observed by the TRMM satellite. In it, precipitation features are defined by grouping contiguous sampling pixels using various criteria, including surface rain, cold infrared, or microwave brightness temperature, and the various characteristics from different sensors of TRMM inside the features are provided (e.g., number of rainfall pixels, volumetric rainfall amount, maximum height, etc.). In the present study, the PR detected precipitation feature (RPF) product is used, in which precipitation features are defined by contiguous pixels of TRMM PR 2A25 near surface rain.
4) MICROWAVE-RETRIEVED PRECIPITABLE
WATER
Precipitable water vapor data used here are from the Special Sensor Microwave Imager (SSM/I), the TRMM Microwave Imager (TMI), and the Advanced Microwave Scanning Radiometer (AMSR-E) data products [provided by Remote Sensing Systems (http://www.ssmi. com/) on 0.258 grids]. The retrieval algorithms are based on a model for the brightness temperature of the ocean and intervening atmosphere (Wentz 1997) .
b. Procedure to make a composite Our wave composites are based on sorting observations into a set of phase and amplitude bins, by a procedure also used in Riley et al. (2011) . The phase and amplitude for each CCEW type, as functions of longitude and time, are calculated from the filtered precipitation time-longitude section and its time derivative. As an example, Fig. 2 shows a 1-month sample of Kelvin wave filtered variations of precipitation ( Fig. 2a ) and its time derivative (Fig. 2b) . Both quantities are standardized-that is, normalized by standard deviations (Figs. 2c,d ) of the entire time-longitude sections (for all years, seasons, and global longitudes). The time series at one longitude are displayed in Fig. 2e , but all longitudes could be similarly scatterplotted there. We define wave phase and amplitude as the arctangent (angle) and squared sum (distance from origin) of the two variables, in the polar coordinates indicated on Fig. 2e .
Any TRMM PR echo event or other datum will fall into some phase and amplitude bin for each type of CCEW, based on its time and longitude, based on the value and derivative of the filtered 3B42 rainfall data there. Our discrete phase and amplitude bins are chosen to be eight 458 phase angle wedges (as in Fig. 2e ), and 41 amplitude bins of 0.1 standard deviation width, respectively. The dependent data-TRMM PR echo numbers, stratiform and convective rainfall, precipitable water, etc.-are averaged over each bin.
For the antisymmetric wave types, phase in the Northern Hemisphere is opposite to that in the Southern Hemisphere, so when northern observations are being put in phase bin 4, simultaneous observations south of the equator are ascribed to phase bin 0. In other words, phase 4 is always defined to be the wet sector of the wave and 0 the dry sector, even for antisymmetric waves. The TD filter is defined as a symmetric component ( Fig. 1) , although the antisymmetric signal strength is comparable, and TD disturbances are probably better envisioned as a coherent structure in one hemisphere. The peculiarities of such filtering decisions and of the fixed 158N-158S belt must be kept in mind when viewing results below.
Each datum in the equatorial belt (such as a TRMM PR pixel, a TRMM PR precipitation feature, or one cell of a gridded field) is repeatedly used: it participates in the composite for each type of CCEW. For example, a given cloud may be simultaneously in the suppressed phase of a moderate-amplitude Kelvin wave, the growing phase of a strong Rossby wave, and the mature phase of a weak MJO. However, averaging enough samples will emphasize systematic wave-associated features.
There are many millions of TRMM PR samples in each amplitude and phase bin, as shown in Fig. 3 . In a one-dimensional distribution, as indicated schematically below the lower graph. The unrolled x axis is x 5 A 1 phase/80, where A is the lower limit of the amplitude bin (3.0 or 3.1 in the example graphic of Fig. 3 ) and phase varies from 0 to 7. The TD curve in Fig. 3 , although treated as symmetric in data processing, is included to the antisymmetric group to balance the number of curves in each panel.
The sampling of the symmetric waves by the statistically uniform coverage of TRMM PR shows regular variations with a peak around phase 0 for Kelvin, ERn1, and MJO waves. These biased distributions are also found in the original variations of filtered 3B42 (not shown). They indicate that the filtered data passed by the finite frequency-wavenumber band contain more space-time regions of suppression than of enhanced rainfall. The MJO and ERn1 waves also have their samples skewed to higher amplitudes relative to most of the other waves. This result may be a consequence of their confinement in longitude or season, since amplitude in Fig. 3 is normalized by whole-equatorial-band (08-3608), all-season standard deviations of the filtered rainfall data for each wave type. 3B42 anomalies are used to define wave amplitude and phase, and microwave rainfall (black line) exhibits regular variations whose minimum-to-maximum range increases with amplitude (which is essentially the definition of amplitude). The minima in Fig. 4 occur at the tick mark delineating amplitude (by definition).
The increase of the wiggle size (minimum-to-maximum range) with amplitude measures how much the composite variable in question is modulated by a 3B42-precipitationdefined wave. There is roughly a ''floor'' or minimum value of around 0.15-0.2 mm h 21 , the exact value of which depends on the wave. So, a typical disturbance increases the floor rain rate by around 20%-50% (values in the range of amplitudes 0.5-2.0), depending on the wave.
It is interesting that PR rainfall (green) amplitude is systematically smaller than microwave (P mw , i.e., 3B42) rain amplitude for all waves. Since amplitudes greater than 2 are rare (Fig. 3) , this does not necessarily translate into big climatological differences in the PR versus microwave rain maps. In addition, the precipitation curves have a positive trend with amplitude for most wave types, especially higher-frequency waves. This trend or correlation of amplitude with mean rainfall indicates that higher amplitudes of those waves occur systematically in rainier seasons and/or epochs. The MJO is an interesting exception: apparently its high-versus low-amplitude epochs both occur in equally rainy epochs of the 12-yr period analyzed.
In other words, the growing wiggles with amplitude indicate the modulation of the precipitation by the wave, and the positive trend represents that the mean value of precipitation during a wave cycle increases as the wave amplitude increases. The latter is interpreted as an indication that wave activity is enhanced when background precipitation is high. For higher-frequency waves, this background could be influenced by lower-frequency variability. In other words, the positive trend in Fig. 4 indicates that strong higher-frequency waves can only develop when lower-frequency influences on precipitation-from the mean state to the seasonal cycle to the lower-frequency transients such as the MJO-are favorable. That is to say when it rains more, the rain varies more on high frequencies.
Objective estimates of these two types of amplitude modulation or correlation (wiggle magnitude and trend) were made. We devised a four-term curve fit to the data, 
Here, r wave mw and u wave mw are wave amplitude and phase derived from wave-filtered microwave rainfall, respectively. To estimate the coefficients a, b, c, and d, we used a least squares fitting technique (see the appendix). Here, f wave (u wave mw ) is a wavelike function that expresses the normalized rainfall cycle applicable wave amplitude. It need not be a pure sine wave but rather is estimated from the data by a composite of the normalized structure, subject to the following conditions: , although it is not permitted to change with amplitude. In practice, we find that the form is pretty close to sinusoidal. A nice feature of this formal estimation approach is that error bars are naturally obtained, too. Figure 5 shows mean cycles of TRMM PR precipitation for each CCEW. To obtain the mean cycle, precipitation variations were normalized by minimumto-maximum range at each amplitude after the subtraction of mean precipitation, and averaged over the amplitude bins from 0.5 to 4.0 (data exceeding amplitude of 4.1 are included in the amplitude of 4.0-4.1). No systematic changes of precipitation cycle were found associated with amplitude (not shown). However, some differences in the cycle shape among CCEWs are evident. In ERn1 waves, convective and stratiform precipitation cycles show almost identical shapes (Fig. 5a) , and likewise for TD (Fig. 5h) . However, in higher-frequency waves of the gravity wave family (Kelvin, EIGn0, WIGn1, and WIGn2 waves) and MRG wave, convective rainfall variations predate those of stratiform rainfall by almost as much as 1 /8 cycle. The lag is not purely a matter of frequency, since in the MJO convective rainfall also leads stratiform precipitation in a slight but apparently statistically significant way, at least in the developing phase. These mean cycle curve shapes serve as f wave (u wave mw ) in Eq. (1). Figure 6 indicates coefficients a, b, c, and d estimated by the least squares fitting in Eq. (1) for each CCEW, using data from the amplitude range 0.1-3.1. Coefficient a (Fig. 6a ) mainly reflects the standardization used to define dimensionless ''amplitude'' for each wave type (i.e., it reflects the standard deviation of the filtered timelongitude section passed by the filter for each wave type). This standard deviation depends on several complex factors such as the geographical and seasonal localizations of wave activity, the coverage of the 158N-158S belt in those longitudes and seasons, the exact shapes of the filter windows, etc. It is hard to interpret Fig. 6a physically, but it is useful to subtract some of those complex factors from the other terms in the fit. Coefficient b, the amplitudeindependent cycle strength, is nearly 0 in all CCEWs (Fig. 6b) , indicating that the minimum-to-maximum range is indeed reduced to 0 when wave amplitude is small, encouraging the validity of the linear formula.
Coefficient d (Fig. 6d) , the constant baseline about which all r and u dependence is defined, is an intercept at the wave amplitude of 0 (because b is nearly 0) and represents the background rainfall when the wave activity is small. Coefficient c (Fig. 6c) has an opposite pattern with wave type from d, indicating that large amplitudes are associated systematically with (and perhaps limited by) enhancements of the mean rain rate.
Similar function fitting was applied to convective and stratiform rainfall derived from TRMM PR, using the mean cycles shown in Fig. 5 . Figure 7a shows the estimated slope of minimum-to-maximum range (coefficient a), divided by a for total TRMM PR rainfall (Fig. 6a) . Here the complex factors described above that determine absolute values of a largely cancel, leaving us with measures of the fraction of total wave-modulated rainfall that is stratiform (blue) versus convective (red). Modulation of the stratiform precipitation is more prominent than that of convective precipitation in all waves (Fig. 7a) . The higher-frequency waves are characterized by a large stratiform fraction to their rainfall modulation, consistent with the finding that their rainfall is highly coherent with midlevel convergence (from Part I). More rotational waves like ERn1, TD, and MRG show a less prominent stratiform bias to their modulated rainfall (red and blue error bars are not well separated). The MJO, always a special case, has a large stratiform bias to its rain modulation, more like the higher-frequency divergent waves.
The same information can be expressed as the ratio of a for stratiform rain to a for convective rain (Fig. 7b) . Again, this ratio is distinctly greater in the more divergent waves and the MJO. Again, these results are consistent with those obtained in Part I, although the error bars are wide enough that we still are left wanting further evidence. (1) for (a) convective (red) and stratiform (blue) rainfall and (b) their ratio for each CCEW. In (a), the coefficient is normalized by that for total rainfall (Fig. 6a) . In both panels, unit is mm h 21 (mm h 21 )
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. Error bars are estimated by 95% significant ranges for each slope. All abbreviations of the CCEW follow those in Fig. 1 .
b. Modulation of precipitation system number
Using the TRMM-PF datasets [see section 2a(3)], we also calculated a composite of the number of precipitation systems or features, in each of four size categories, in each phase and amplitude bin of CCEWs. The size categories are small (precipitation area A , 100 km 2 ), medium (100 , A , 1000 km 2 ), large (1000 , A , 10 000 km 2 ), and extra-large (XL; A . 10 000 km 2 ). To characterize the wave modulation of system number, the function fitting technique described above was then applied. The minimum-to-maximum range [a in Eq. (1)] of precipitation system number was normalized by a from the total TRMM PR rainfall (Fig. 6a) to produce Fig. 8 . Figure 8 expresses the wave modulation of the number of small-, medium-, large-, and XL-sized precipitation features, per unit total rainfall measured by the same PR sensor. Since rainfall from the XL systems dominates total variations shown in Fig. 4 and rainfall amounts per one XL system show little change with wave amplitude and phase (not shown), modulation of the number of XL features and modulation of total rain have almost the same ratio for all kinds of wave modulations (Fig. 8d) .
Since precipitation is the defining measure of wave amplitude, the main free variable in this statistical study should be the modulation of small-, medium-, and large-sized precipitation system numbers, and indeed these show a larger difference among wave types (Figs. 8a-c) . Among the three symmetric waves on the left, the ERn1 wave exhibits the greatest modulation of small-sized precipitation feature numbers, and WIGn1 the least, with the Kelvin wave in between (i.e., the Kelvin wave shows the modulations comparable to those in ERn1 wave in medium-and largesized system number). Among antisymmetric components, the MRG wave exhibits the greatest modulation of small system numbers, and WIGn2 the least, with EIGn0 in between (i.e., EIGn0 wave shows the modulations comparable to those in MRG wave in medium-and large-sized system number). The MJO shows the largest modulation of all-sized system numbers, including the smallest, while the TD category is similar to ERn1.
Summarizing, the low-frequency and more rotational waves (ERn1, MRG, TD; and the MJO) modulate small systems more (per unit rainfall modulation) than do the fast, more divergent waves. Smaller systems are characterized by less stratiform rainfall (Fig. 9) . Therefore, it can be concluded that divergent waves (Kelvin and IG waves) modulate stratiform rainfall more than rotational waves (ERn1, MRG, and TD), again consistent with our findings above and in Part I. Namely, it is indicated that 1) MCSs accompanied with extended stratiform precipitation are more modulated in Kelvin, EIGn0, WIGn1, and WIGn2 wave disturbances, and 2) scattered convection with little stratiform rain is modulated preferentially in ERn1, MRG, and TD disturbances. It should be also noticed that MJO has both characteristics: a smallerscale precipitation system in which convective rainfall is dominant is modulated, while stratiform rainfall is also strongly modulated. Next, one more composite, of column water vapor, will suggest mechanisms for these findings.
Discussion
a. Modulation of precipitable water
Ambient density and moisture profiles are important environmental factors for the cumulonimbus development as discussed in the introduction, but the two variables have different large-scale characteristics. Density perturbations propagate and disperse rapidly, faster than the wind, via wave dynamics in which vertical velocity responds rapidly to the strong restoring force of buoyancy. Meanwhile, the moisture field is more shaped by storage and horizontal advection (e.g., Part I shows that vapor spectral peaks for the westward wavenumber are oriented along a line corresponding to westward motion at a constant speed of about 9 m s (1) for (a) small-, (b) medium-, (c) large-, and (d) XL-sized precipitation system numbers. The coefficient is normalized by that for total rainfall (Fig. 6a) , and unit is number per mm h
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. Error bars are estimated by 95% significant ranges for each slope. All abbreviations of the CCEW follow those in Fig. 1. with the rain power spectrum). Moisture storage processes involve relatively weak surface fluxes (characterized by vapor residence times on the order of a week), and second-order imbalances between sustained moisture convergence and precipitation fields. Meanwhile, the horizontal advection prominently includes meridional advection of large latitudinal gradients by rotational flows that are part of wave dynamics in which vorticity responds slowly to the gentle restoring force of the beta effect (the meridional gradient of the Coriolis parameter).
Based on these fast versus slow velocity scales of processes, the effective time scale of temperature anomalies can be expected to be shorter than that of moisture. Presumably reflecting the different effective time scale, lower-frequency variations exhibit relatively larger specific humidity q perturbations, relative to the magnitude of temperature T perturbations (e.g., Mapes et al. 2006) . Recent model investigations also support the notion of the different effective time scale of temperature and moisture (e.g., Tulich and Mapes 2010; Kuang 2010) . To highlight the relative importance of moisture in various waves, the composite technique is used again for moisture variations in phase and amplitude for each CCEW (Fig. 10 ). To stay with directly observed quantities, we used microwave-retrieved precipitable water (PW; only available over the ocean), with wave-filtered microwave rainfall again utilized to identify wave amplitude and phase.
For symmetric components (Fig. 10a) , lower-frequency waves (ERn1 and MJO) exert much larger modulations (wiggles) on the moisture field. For higher-frequency waves (Kelvin and WIGn1), on the other hand, there is a smooth trend to the curves, indicating a correlation of amplitude (but not phase) and PW. Apparently background moisture governs or limits wave amplitude but does not participate very much in the waves' fast-time scale phase structures. For antisymmetric components and TD (Fig. 10b) , MRG phase modulates moisture more than EIGn0 and WIGn2 waves (the difference becomes more distinct with the amplitude). Therefore, moisture FIG. 9 . Convective (red) and stratiform (blue) precipitation amounts from each size precipitation system.
FIG. 10.
Composite mean of microwave-retrieved PW at each phase and amplitude of CCEWs. The procedure for making a composite is identical to that used to make a composite of TRMM PR rainfall, and 2D distributions with a polar coordinate (amplitude and phase) are transformed to 1D distribution (see Fig. 3 ). All abbreviations of the CCEW follow those in Fig. 1. variations are perhaps more essential for convectionwave coupling mechanisms within the slow-propagating rotational waves than the fast-propagating divergent waves.
Equatorial waves involve the inertia of the atmosphere responding to two restoring forces: vertical buoyancy forces in reaction to vertical displacements, and horizontal Coriolis torques in reaction to meridional displacements. Because moisture has significant gradients in both the meridional and vertical directions, it is affected by both types of displacements (as well as by vertical fluxes in convection). Convection in turn responds to both density anomalies and moisture anomalies. Some relevant questions for wave dynamics include: What is the relative sensitivity of convection to density versus moisture [as explored by Tulich and Mapes (2010) and Kuang (2010) ]? How important is horizontal advection in shaping the moisture field?
The answer to the second question will, we hypothesize, depend on wave type. Waves with more rotational (in the horizontal) motions will likely correspond to larger meridional displacements, which may add significant moisture tendencies and perhaps cause these waves to interact with convection more via its moisture sensitivities. In contrast, higher-frequency and more divergent waves with little meridional flow (inertia-gravity and Kelvin types) may interact with convection more via wave-related environmental density anomalies affecting cloud buoyancy. We might further hypothesize that environmental moisture most effectively acts on cumulus cells, via lateral entrainment, while large-scale pulses of inhibition and disinhibition might preferentially block and then unleash the development of MCSs. Raymond and Fuchs (2007) found that two types of large-scale unstable modes develop in a two-dimensional nonrotating model: a slowly propagating ''moisture mode'' that is driven primarily by saturation fraction anomalies, and a convectively coupled ''gravity mode'' that is governed by anomalies in convective inhibition caused by buoyancy variations just above the top of the planetary boundary layer. Their two-dimensional model cannot evaluate horizontal moisture advection. Therefore, the clear distinction between the Kelvin wave and MJO found in the present study and our speculation concerning the coupling mechanism are partly consistent with their results, although their moisture mode does not include rotational waves.
b. Phase relationships between rainfall and precipitable water
It is worthwhile to examine the phase relationships between rainfall and moisture more closely, since the cospectra of Part I found systematic differences among wave types and suggested that the phase relationships reflect a degree of the convective organization from mesoscale viewpoint. Figure 11 shows mean cycles of microwave-retrieved precipitable water for each CCEW. To obtain the mean cycle, as in Fig. 5 , the moisture variations are normalized by minimum-to-maximum range at each amplitude, after the subtraction of mean precipitation, and averaged over the amplitudes of 0.5-4.1 (data exceeding amplitude of 4.1 are included in the amplitude of 4.0-4.1).
In higher-frequency waves modulating MCSs more (the Kelvin-and inertia-wave family), a lead of moisture with respect to the precipitation composite basis is found, although error bars are large due to small minimum-tomaximum range modulation of moisture. On the other hand, lag of moisture is confirmed in the lower-frequency rotational waves, which mainly modulate convective rainfall. However, the MJO shows a lead of moisture, although it has a slower frequency, which is also consistent with the fact that the MJO is accompanied by more MCSs with extended areas of stratiform precipitation. From these results, phase relationships seem to be a useful parameter to deduce a degree of the convective organization, and it would be useful to examine GCM fidelity in this regard to investigate this aspect of modeled CCEWs.
These phase relationships are partly consistent with the findings in Masunaga (2009) . Moreover, Raymond et al. (2009) discusses that from vertical profiles of moist entropy, convective precipitation tends to increase the saturation fraction of the air column, while stratiform precipitation tends to decrease the saturation fraction, under the assumption that temperature profile remains unchanged. Our results-that is, that the rotational wave, which primarily modulates convective rainfall, leaves more moisture after its peak phase-support their idealized idea.
c. Interaction between MJO and CCEWs
Large amplitudes of higher-frequency waves are associated with enhancements of the mean rain rate (Fig. 6c) , and the lower-frequency MJO would modulate HF components (e.g., Kikuchi and Wang 2010; Roundy 2008; Straub and Kiladis 2003) . The HF component, in turn, might feed back to the MJO. Such nonlinear interaction might be a key for understanding the MJO. Therefore, it would be interesting to examine how the MJO modulates CCEWs and whether the CCEW has a net effect on the MJO.
The composite mean amplitude of the CCEW shows growing wiggles with MJO amplitude, although the wiggle size saturates around an MJO amplitude of 2.0 (Figs. 12a,b) . Moreover, a mean of the CCEW amplitude over the MJO amplitude larger than 1.5 indicates that the rotational wave (e.g., ERn1, MRG, or TD) is more active in decaying phase than in developing phase of MJO (cf. values at MJO phases 3 and 5), while the divergent wave (e.g., Kelvin, EIGn0, WIGn1, or WIGn2) is more vigorous in developing phase than in decaying phase of MJO (Figs. 12c,d) .
On the other hand, HF waves do not produce a net effect in a specific MJO phase (not shown). Namely, neither a phase lock of HF waves (even the ERn1 wave, which has closer frequency) nor a significantly distorted sinusoidal structure of the wave-filtered field occurs in a specific phase of MJO. However, there is a possibility that heavily distorted wave structure cannot be adequately represented by the wave-filtering employed in the present study (Fig. 1) . Therefore, further investigation would be needed to conclude this issue.
Summary and conclusions
In the present study, we explored the precipitation characteristics associated with the convectively coupled equatorial waves (CCEWs). We took two approaches to clarify modulations of precipitation characteristics:
(reanalysis-dependent) cross-spectral analysis and composite analysis of multiyear satellite datasets. The present paper describes results of the latter approach.
Wave phase and amplitude are determined by wavefiltered equatorial-belt data from the TRMM-3B42 rainfall product. Composites of the TRMM PR and passive microwave data are built around the wave phase and amplitude. The composite shows increase (modulation) of wiggle size (minimum-to-maximum range) and background trend with wave amplitude, and a least squares fitting technique is applied to isolate two modulations.
First, we focus on the modulation with the wiggle size of convective and stratiform rainfall from TRMM PR datasets. The estimated slopes of the wiggle sizes of convective and stratiform rainfall overlap each other in n 5 1 equatorial Rossby (ERn1) and mixed Rossbygravity (MRG) waves, whereas stricter separation is found in Kelvin, n 5 0 eastward inertia-gravity (EIGn0), and n 5 1 and n 5 2 westward inertia-gravity (WIGn1 and WIGn2) waves. For the MJO, two slopes of convective and stratiform rainfall are also well separated, while the separation is obscure in TD like ERn1 wave. Next, we examine the wiggle-size modulation of precipitation system number, using the TRMM-PF database. ERn1 and MRG waves more pronouncedly modulate smallsized (precipitation area , 100 km 2 ) system numbers than Kelvin, EIGn0, WIGn1, and WIGn2 waves. TD shows similar modulation to an ERn1 wave.
From these two results, it is suggested that 1) MCSs accompanied with extended stratiform precipitation are relatively more modulated in higher-frequency and more divergent wave disturbances (such as Kelvin, EIGn0, WIGn1, and WIGn2 waves), and 2) scattered convection with little stratiform rain is more preferentially modulated in lower-frequency and more rotational wave disturbances (such as ERn1, MRG, and TD). The results obtained in the present investigation are consistent with our more reanalysis-dependent findings (Part I). A broad consistency of results would ensure that these secondorder corrections to the broad self-similarity of different tropical waves are robust. The procedure for making a composite is similar to that used to make a composite of TRMM-PR rainfall, except that MJO phase and amplitude are referred for all CCEWs. Twodimensional distributions with a polar coordinate (amplitude and phase) are transformed to 1D distribution (see Fig. 3 ). Column water vapor composites reveal that the more rotational wave types modulate the moisture field more pronouncedly than do the more divergent waves. This result leads us to speculate that the slow/rotational versus fast/wavelike distinction in precipitation characteristics may correspond to the different balances of two main convection-wave coupling mechanisms: environmental moisture most effectively acts on cumulus cells, whereas convective inhibition and disinhibition through the density field might preferentially block and then unleash the development of MCSs.
MJO is unique and has characteristics of both rotational and divergent waves: prominent modulation of stratiform rainfall (like the fast divergent wave) and smaller-sized precipitation features, convective rainfall, and moisture (like the other low-frequency rotational waves). Moreover, a composite of other waves' amplitudes as a function of MJO amplitude and phase also reveals that the divergent wave is more vigorous in developing phase than in decaying phase of MJO, while the rotational wave is more active in decaying phase than in developing phase of MJO. However, no net contribution of equatorial waves in a specific MJO phase is found.
Here, we define the following sums: 
